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High-resolution inelastic neutron scattering from water in mesoporous silica
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High-resolution inelastic neutron scattering measurements of the molecular dynamics of water confined to a
porous host, the molecular sieve known as MCM-41, which has a hexagonal array of parallel pores with
average pore diameter of 27 Å, are reported. Previous neutron measurements probing higher-energy transfers,
and thus shorter time scales, have been analyzed with both a rotation-translation diffusion model and a
stretched exponential intermediate scattering function. The dynamics on longer time scales presented here are
modeled well with a stretched exponential relaxation in a confining geometry. The observed molecular dynam-
ics of water are three orders of magnitude slower than has been previously reported for water confined in
MCM-41.
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I. INTRODUCTION

The effects of confinement on the molecular properties
water have attracted a lot of interest in the past few deca
@1–11#. Understanding the behavior of this fascinating h
drogen bonded fluid upon confinement is of value to a v
array of problems ranging from oil recovery and geoche
cal applications to biophysical interactions, medical imagi
colloid and interface chemistry, and food product quality.

It is accepted that water molecules access a large rang
possible motional frequencies depending on the nature o
confining medium. Results from quasielastic neutron sca
ing show the characteristic relaxation time for water m
ecules in pores as small as 20 Å in diameter to be of
order of a few picoseconds@4#, only a few times slower than
the correlation time for bulk water@12#. On the other ex-
treme, nuclear magnetic relaxation results reveal correla
times on the order of a few microseconds in pores as larg
a few hundred angstroms@3#. Using neutron spin echo
Swensonet al. recently measured relaxation times in t
10210– 1026 s range for water confined in vermiculite cla
@13#.

The early 1990s witnessed the discovery of family of m
soporous molecular sieves known as M41S@14# which has
since been the center of some attention in the literature
to its possible uses in a wide variety of processes@14,15#.
One member of the family, MCM-41, consists of a hexag
nal crystalline arrangement of paraxial channels. The m
rial can be produced with finely tuned pore diameters wit
the 16–100 Å range as well as a very high surface area~in
excess of 1000 m2/g!. The material has spawned a revolutio
in catalysis. The extremely high surface area allows for
perb catalytic conductivity, and the relatively large pore s
compared to conventional zeolites~typically less than 10 Å!
allows the incorporation of large active complexes in t
pores. Thin films of the material can be produced with p
channels either parallel or perpendicular to the subst
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used, thus allowing for order on larger scales, a highly de
able property. Many potential applications of the mater
involve an aqueous phase. In such cases water-surface
actions play an important role in determining the propert
of the systems of interest and in controlling catalysis, che
cal reactions, and water mediated biological interactions
addition, in such restricted geometry, the molecular and b
properties of water~e.g., structure and dynamics, phase tra
sitions, freezing behavior! are modified due to a combinatio
of water-surface interaction, global confinement effects a
sample morphology@16–19#.

Previous neutron scattering measurements of confi
water were carried out using time-of-flight spectromet
with energy resolution of order 10–100meV yielding infor-
mation about dynamics in the range of 1–100 ps@1,2,4,5#.
These previous studies on water in confinement have c
cluded that motion of water can be described as sing
particle diffusion with a correlation length of a few ang
stroms. This value of a confining radius was arrived at
various research groups regardless of the pore size or ge
etry used@4,5,20,24#. This result comes about due to instr
ment limitations in sampling time scales that allow wa
molecules to diffuse only within such small radii.

Most porous materials have imperfect pore structur
Materials like Vycor and controlled porous glasses~CPG! are
known to have interconnected pores with low monodisp
sity, and a poorly defined pore geometry. In these more r
dom confining geometries it is difficult to disentangle t
relevant features of the host material that yield the diff
ences in the molecular dynamics of the bulk and confin
systems. It is of both fundamental and practical interes
determine the effects of the interconnectedness of the p
network, the pore size distribution, the presence of stro
surface interactions, and the absolute pore size on the
namics of water.

In this paper we present results of a series of inela
incoherent neutron scattering measurements of wate
MCM-41. Previous measurements on water in MCM-41 su
gested dynamics on time scales of picoseconds. Here
extend these measurements using very high-resolution
tron spectroscopy and find that the confined water exhi
©2002 The American Physical Society07-1
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dynamics three orders of magnitude slower than found in
previous measurements. This paper is organized as follo
Section II describes the synthesis and characterization o
porous host MCM-41. In Sec. III we discuss the neutr
scattering measurement details. In Sec. IV the data ana
and results are presented, including a detailed descriptio
the theoretical model used in fitting the data. Finally,
summarize our findings in the concluding Sec. V.

II. SYNTHESIS AND CHARACTERIZATION OF MCM-41

Fumed silica powder~99.8%, metal free, particle size 0.0
mm! and tetramethyl ammonium hydroxide pentahydr
~TMAOH, 97%! were obtained from Sigma. Cetyltrimethy
ammonium bromide~CTABR, 99%! was obtained from Al-
drich. TMAOH and CTABR were dissolved in distille
deionized water in a 250 ml beaker while stirring with
magnetic stirrer~500 rpm! at 30 °C until a clear solution wa
obtained. The silica powder was then added and the mix
stirred for 3 h at 30 °C. The final molar composition of th
material was 1.0 SiO2 , 0.19 TMAOH, 0.27 CTABR, 40 H2O
@10# and it contained 200 g of water. The mixture was ag
for 24 h at room temperature and transferred into a stain
steel Viton-lined autoclave. The mixture was allowed to re
in a furnace at 125 °C for 68 h, after which the autoclave w
cooled under running water. The solid material was rec
ered by filtration, washed extensively in distilled deioniz
water, and dried at 45 °C overnight. Finally, calcining t
sample at 650 °C for 8 h removed the organic template m
terial.

X-ray diffraction ~XRD! measurements were carried o
with the CuKa radiation from a Siemens D5000@38# dif-
fractometer operating at 40 kV and 30 mA using 0.025° st
and a 2 sstep time. Nitrogen adsorption and desorption m
surements were carried out on a Quantochrome@38# Au-
tosorb automated gas sorption system at 77 K with an ou
temperature of 473 K.

Figure 1 shows the XRD powder pattern as a function
2u. The peaks in the diffraction pattern are labeled accord

FIG. 1. X-ray diffraction pattern of MCM-41 as synthesized f
this study. The narrow width of the 110 peak is evidence of w
developed powder particles. The higher-order peaks reflect the
crystallinity of the porous particles.
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to a hexagonal unit cell. The crystallinity of the samp
comes from a hexagonal distribution of one-dimensio
channels rather than from a crystalline arrangement of at
within the sample. The rarely observed 300 peak can be s
in the magnified portion of the pattern~inset Fig. 1!. The
wall-to-wall distance in the as-synthesized sample is 38.9
which contracts to 35.43 Å after calcining.

The N2 adsorption isotherms are shown in Fig. 2. T
overlay of the adsorption-desorption phase isotherms in
cates no significant hysteresis. The linear increase over
low-pressure region~L! of the isotherm (P/P0,2.5) is ac-
counted for by the adsorption of a thin layer of gas on
pore walls. The isotherm shows an inflection characteristic
capillary condensation in the intermediate-pressure reg
~M!. The sharp increase in the volume of adsorbed N2 in that
region is indicative of the narrow distribution of the po
diameters. The increase in adsorbed volume in the h
pressure region~H! is attributed to multilayer condensatio
at the outer surface. The pore size distribution is calcula
using the Kelvin equation@21#. The narrow pore size distri
bution is centered at a diameter of 27.5 Å and the total s
face area was calculated to be 850 m2/g.

III. NEUTRON SCATTERING MEASUREMENT DETAILS

Neutron scattering measurements were carried out at
NIST Center for Neutron Research on the high-flux ba
scattering spectrometer~HFBS! @22#. The HFBS is a high-
energy-resolution backscattering spectrometer in which
incident neutron energy is varied via Doppler shifting t
neutrons about a nominal incident wavelength of 6.271
After scattering from the sample only neutrons with a fix
final energy are received in the detectors as determined
Bragg reflection from a large crystal analyzer system. T
instrument operated with a dynamic range of610 meV. The
energy resolution of the instrument was obtained by scat

ll
gh

FIG. 2. Nitrogen adsorption-desorption isotherm for calcin
MCM-41. The isotherm shows no evidence of hysteresis. The sh
middle region demonstrates the narrow pore size distribution of
material.
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HIGH-RESOLUTION INELASTIC NEUTRON . . . PHYSICAL REVIEW E66, 041307 ~2002!
ing from the sample plus sample holder at a temperatur
113 K. The data were collected for five temperatures betw
213 and 300 K, and 16 wave vector transfer~or Q! values
ranging from 0.25 to 1.75 Å21. The resolution of the instru
ment, 0.80meV full width at half maximum, was obtained b
fitting a single Gaussian function to the elastic scattering
113 K. The HFBS therefore can probe dynamics in the na
second range, a thousand times slower than the dynami
bulk water. Previous neutron scattering measurements of
ter in confinement have concluded that the dynamics of
ter slow down by less than one order of magnitude from
dynamics in the bulk@4,5#. The water-saturated MCM-41
was placed in a slab-geometry thin-walled aluminum sam
holder, sealed with an indium O ring, and mounted ont
closed-cycle refrigerator. The temperature was controlled
within 60.05 K.

IV. DATA ANALYSIS AND RESULTS

In an inelastic neutron scattering experiment, one m
sures the partial differential scattering cross section~PDSCS!
d2s/dV dE, whereE is the energy transfer to the samp
anddV is the solid angle into which the neutron is scatter
@23#. The PDSCS, which depends on experimental a
sample details, is related to the sample scattering func
S(Q,E), which depends on the sample only. This relatio
ship is given by

d2s

dV dE
5N

s

4p

k

k i
S~Q,E!, ~1!

whereN is the number of scattering centers in the collisio
k is the scattered wave vector,k i is the incident wave vector
and s is the scattering cross section of the scatterer. T
sample scattering function is related to the intermediate s
tering function~ISF! I s(Q,t) via Fourier transformation in
time, which can often be calculated with a theoretical mod

Inelastic neutron scattering data from water are typica
analyzed using models that take into account contributi
from the vibrational modes in water combined with rot
tional and translational diffusion contributions. The resulti
structure factor is a convolution of the three structure fact
corresponding to each type of motion. The motion of wa
molecules in the bulk at room temperature can be descr
as a normal stationary Markovian random process. The
sition and orientation of an individual water molecule d
pends only on the time and distance separating it from
previous position. The motion does not carry informati
about initial conditions. The correlation function of wat
molecular motion in this case falls off exponentially wi
time. The exponential model has been typically adopted
analyzing relaxation data for water in confinement.

The mode coupling theory of liquids has been wide
used recently in developing models to study the behavio
glass-forming liquids@25# and supercooled water@26#. It re-
lies on the transient cage effect defined as the trapping
water or liquid molecules in cages upon supercooling of
fluid. One of its predictions is the existence of a critic
temperatureTc identified as the singularity temperature f
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water,Ts;228 K. Upon approaching that temperature fro
above, the cage relaxation time becomes longer and lon
until it reaches infinity atTs , at which point the liquid
reaches a state of structural arrest. This prediction is in st
ing agreement with the predictions from molecular dynam
~MD! simulations of the simple point charge-extend
~SPC/E! water model@26#. The MD simulations also predic
a critical or singularity temperature at which water undergo
a structural arrest and where the diffusion constant beco
zero. This occurs at;49° below the temperature of max
mum density for the SPC/E model. It also signifies the on
of vitrification as a result of a kinetic glass transition@9#. The
main evidence supporting the existence of the singula
temperature comes from the power law dependence of
eral water relaxation parameters on temperature@27#. Since
the singularity temperature is experimentally inaccessible
bulk water, it becomes necessary to look at water under c
finement conditions that will allow sufficient supercoolin
Chen et al. provide a detailed derivation for the single
particle ISE as a result of applying the mode coupling the
~MCT! to supercooled water@26#.

Zanotti et al. have recently applied the predictions
MCT to supercooled water confined in porous glass. An
propriate ISF would then be obtained by multiplying the a
propriate expression for a particle confined to a cage@5# by a
stretched exponential factor to capture both the long
short time evolution of the relaxation.

After making some relevant approximations the final IS
has the following form@5,26#:

I s~Q,t !5A~Q!expF2S t

t D bG . ~2!

In Eq. ~2! A(Q) is the elastic ISF~EISF! obtained for
water molecules confined either to a sphere or to a hydro
bonded cage, depending on the model used. In this pa
however, we do not rely on any preexisting model to obt
the EISF; a very different explanation of the origin of th
EISF used in our model is given below.

An alternative approach to the study of supercooled wa
comes from the percolation or transient gel model@28–31#
and the lattice fluid@32# model, which do not include a sin
gularity temperature. A necessary outcome of the percola
model is a continuous distribution of correlation or rela
ation times in supercooled water. A continuous distributi
of relaxation times is observed in glasses and glass-form
liquids. Confinement of water results in a molecular struct
and dynamics similar to those observed in supercooled b
water @26#. Hence, under proper confinement and reduc
temperature conditions one should be able to access th
gion below the kinetic glass transition temperature. As a m
ter of fact, water molecules on the surface of proteins
known to exhibit glasslike behavior@33#.

Further evidence comes from experiments done on
freezing of confined water which is widely believed to sta
from the middle of the confining region where free wat
exists and then proceed outward toward the wall. The
called surface water, a monolayer or so of water molecu
closest to the surface, is believed to be nonfreezable@16,34#.
Freezing measurements can be used to measure the por
7-3
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F. MANSOUR, R. M. DIMEO, AND H. PEEMOELLER PHYSICAL REVIEW E66, 041307 ~2002!
distribution of porous materials@34#. These often reveal a
sharp transition near the characteristic freezing tempera
of the water in the pores. The sharpness of the transition
good indicator of the monodispersity of the pore size dis
bution.

As the temperature is lowered further below the char
teristic freezing temperature, a smooth and slow continu
transition is observed. This is associated with surface w
molecules in the sample. The pore size calculations m
take into account the thickness of the nonfreezable w
layer @34#. The technique works extremely well but on
down to certain pore sizes@16#. The reason can be attribute
to the absence of free water in very small pores and the
that all the water behaves more or less like surface, nonfr
able water. Morishige and Kawano used x-ray diffracti
measurements to characterize the freezing and melting
phase behavior of water confined to the pores of differ
pore size MCM-41. Most of the samples showed the ant
pated sharp transition near the expected freezing temp
ture. Their smallest pore size sample,R512Å, similar to the
pore size of the sample we have used in this study, does
show any sign of a sharp transition near the anticipated fre
ing point ~;223 K from the Kelvin equation!. Rather, there
is continuous transition over the 200–260 K range. This
dicates that the water in the pores exists well within
glassy phase. This is expected because of the low temp
tures ~223–260 K! at which the results were obtained,
conjunction with the very small size of the confining pore
which would effectively result in a further, more severe s
percooling of the water in the sample. Under these con
tions, the water dynamics can be characterized by a distr
tion of correlation timesg (ln t) @35#, as for other glasses
The relaxation process is well represented by the Kohlrau
Williams-Watts ~KWW! model, and an appropriate single
particle ISF can be written as

I s~Q,t !5A* ~Q!expF2S t

t D bG ~3!

whereb is the stretch factor.
It is worth noting that, although this ISF has exactly t

same form as the ISF in Eq.~2!, which was obtained by
using MCT predictions after appropriate approximatio
were made, the underlying principles are different, as is
significance of the elastic structure factor. One would
expect the mode coupling theory to be an appropriate mo
for the water in such small pores, because the approp
regime for MCT is restricted to weakly supercooled sta
@36#. In addition, excluding the surface water, one can
expect to have more than four or five layers of water m
ecules between the walls, so that well ordered cages of w
~e.g., pentamers! are unlikely to form.

There are two factors contributing to the modified elas
structure factorA* (Q) in Eq. ~3!. NMR evidence reveals
water molecule dynamics in the same sample@37# and in
similar samples@3# in the microsecond range, which wou
give an elastic contribution to the structure factor. Anoth
contribution comes from the protons of the surface hydro
04130
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groups of the pore walls, which are also expected to h
very slow dynamics relative to the observed time scale.

The inelastic spectra were fitted to a scattering funct
consisting of the sum of ad function and the Fourier trans
form F of a stretched exponential decay convoluted with
resolution function of the instrument,

S~Q,E!5@d~E!1A* ~Q!F~Se!# ^ R~Q,E!, ~4!

which is the Fourier transform of the following function i
the time domain:

F~Q,t !5H R~Q!expF2S t

t0
D 2G

1A* ~Q!expF2S t

t0
D 2G expF2S t

t D bG J
3exp@ iw~Q!t#. ~5!

The first term in the square brackets is an amplitude mu
plying the Fourier transform of the resolution function of th
instrument, best represented by a single Gaussian decay
value oft0 was determined at eachQ value from the 113 K
data. The second term in the brackets is the ISF for wa
The last term in the equation is a complex phase facto
take care of the zero-frequency offset in the spectrum. T
Fourier transform was carried out numerically such that e
data point in the frequency domain was assigned a co
sponding point in the time domain.

A sample spectrum is shown in Fig. 3. The points rep
sent the data atQ51.1 Å21 and the solid line is the fit using
the model given in Eq.~5!. The overall relaxation time and
the stretch factorb obtained from the fit are presented
Table I. The dependence of the relaxation rate~1/t! on Q for

FIG. 3. High-resolution inelastic neutron scattering data take
223 K at aQ of 1.1 Å21. The open circles are the neutron coun
and the solid line is the best fit to the data. The solid line is
convolution of the resolution function with a stretched exponen
function, which are also shown individually. The convolution w
carried out according to Eq.~5!.
7-4
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TABLE I. Relaxation times and stretch factors as a function ofQ andT. The top of the table also contain
the values of the power of the power law dependence of the relaxation rate at each temperature. Th
spaces correspond to the points where the signal to noise ratio was poor or where the sample ori
resulted in significant neutron absorption. The correlation times are in nanoseconds. Values ofb that are
greater than 1 have been discarded.

T ~K!

Q ~Å21!

223
g51.260.1

227
g51.5860.14

230
g51.7260.36

260
g52.3760.91

t b t b t b t b

0.25 8.61 7.83 0.71 5.48 0.10 4.9 0.37
0.365 6.68 0.69 6.64 0.55 1.79 0.58 1.78 0.30
0.469 3.91 4.27 0.93 2.78 0.81 0.80 0.72
0.745 2.69 0.42 1.62 0.66 0.96 1.05 0.29 0.23
0.991 1.90 0.66 1.05 0.67 0.39 0.82 0.02 0.33
1.106 1.38 0.46 0.94 0.75 0.13 0.61
1.217 0.44 0.57 1.48 0.84 0.18 0.49
1.32 0.35 0.38 0.41 0.58 0.38 0.33
1.42 0.16 0.38 0.28 0.55
1.598 0.03 0.33
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the various temperatures is presented in Fig. 4. The re
ation rate increases with increasingQ, and the best fit to the
data reveals a power law dependence of the relaxation
on Q, in keeping with previous results obtained for wat
confined in Vycor@5#. There is some deviation from theDQ2

scattering law as the power takes on values between 1.2
2.4 ~Table I!, increasing as the temperature increases.

Previously reported values for the powerg are typically
larger than 2@5,35#; for our data this is also true for th
highest temperature. The data taken at 223, 227, and 23
give values forg that are less than 2. This is an interesti
result, and further investigation is warranted to find t
physical reasoning behind such behavior. It should be no
that most measurements on supercooled water rarely ven
near the critical temperature of;228 K, and the three

FIG. 4. The relaxation rate~1/t! for water as a function ofQ.
The log-log plot shows evidence of a power law dependence. ThQ
range shown is 0.25–1.2 Å21.
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anomalous temperatures in this case are either very clos
or below that value.

One might also be inclined to conclude that such a beh
ior could be attributed to the fact that the theoretical freez
temperature of the pores is being approached, as predicte
the Kelvin equation. Although water molecules are in t
glassy phase, a significant portion is expected to be fro
@16,34#; this is a very interesting region where water is mo
likely making the smooth transition from the liquid to th
frozen state. In order to delineate the two effects it would
desirable to observe water near the freezing temperature
larger pore size and near the critical temperature in a sma
pore size.

The data also show a sharp increase in slope in the log
plot of the relaxation rate vsQ at aroundQ51.2 Å21. No
quantitative conclusions can be made due to the very p
signal to noise ratio in thatQ range. It does, however, see
to indicate a further divergence at higherQ values from the
hydrodynamic behavior of water, which one should be a
to recover at sufficiently lowQ values in the case of the 26
K data, and, within experimental error, the 230 K data.

Figure 5 shows the stretch factor as a function ofQ. Al-
though there is a lot of uncertainty in the data, the ove
trend shows thatb falls significantly below 1 for large value
of Q, and approaches unity for smallQ values. At large val-
ues ofQ the scattering probes the ideal gas behavior of
fluid. The diffusive nature of the motion is recovered for lo
values ofQ, where the value ofb approaches unity.

The fitting process depends upon the relaxation time
the stretch factorb; a more physically meaningful value o
the relaxation time would have to take both variables in
account. The average relaxation time can be well represe
by @5#

ta5E
0

`

expF2S t

t D bGdt5
ṫ

b
GS 1

b D . ~6!
7-5
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FIG. 5. Q dependence of the stretch factorb. Data were taken a
223 K. Although there is a significant uncertainty in the parame
the trend is forb to become smaller for larger values ofQ.
04130
The dependence of the average relaxation rate (1/ta) on Q is
shown in Figs. 6~a!–6~d!. There is significant scatter in th
data, due to the combined uncertainties in the value of
relaxation time, and, more importantly, the error in t
stretch factorb ~Fig. 5!. The values ofg are all below 2
except for the data obtained atT5260 K, indicating again a
very peculiar behavior of water at such low temperatures
discussed above.

V. CONCLUSIONS

We have used very high-resolution inelastic neutron sc
tering to probe the low-energy dynamics of water the mot
of which is confined in a regular array of pores of MCM-4
Our results confirm earlier conclusions that models ba
upon Markovian processes cannot describe the molecula
havior of water in the supercooled state. The inelastic spe
are best described by Fourier transforms of stretched ex
nential decaying functions.

r,
d
FIG. 6. The average relaxation rate (1/ta) for water in saturated MCM-41 as a function ofQ. The average relaxation time is calculate
using Eq.~6!.
7-6



l
su
iu

tic
o

hi
n

ul

ion

-
ech-

HIGH-RESOLUTION INELASTIC NEUTRON . . . PHYSICAL REVIEW E66, 041307 ~2002!
The mode coupling theory has been very successfu
describing single-water-molecule dynamics in the weakly
percooled state. However, due to the small confining rad
of the pores used in this study, a more appropriate theore
framework would take into account the glasslike behavior
the confined water. No free water is expected to exist wit
such small pores. The behavior of the water molecules
longer reflects the weak supercooled region. Our res
nd

ys

m

ys

,
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show that a KWW type ISF describes the water relaxat
very effectively.
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